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Motor Axon Subpopulations Respond
Differentially to the Chemorepellents
Netrin-1 and Semaphorin D
Alfredo Varela-Echavarrı´a,*‡ Anna Tucker,*‡ chemoattractant or -repellent (Keynes and Cook, 1995).
For neuronal subpopulations that lie in physical proxim-Andreas W. Pu¨schel,† and Sarah Guthrie*
ity to one another during development, one possibility*Department of Developmental Neurobiology
is that the subtle action of single guidance moleculesUnited Medical and Dental Schools
might differentially affect the growth and pathfinding ofGuy’s Hospital
adjacent axonal groups.London SE1 9RT
Axonal sorting along different pathways is exemplifiedUnited Kingdom
by subpopulations of motor neurons whose somata may†Abteilung Neurochemie
occupy adjacent or overlapping regions of neuroepithel-Max Planck-Insitut fur Hirnforschung,
ium. Within the developing vertebrate neural tube,motorDeutschordenstrasse 46
neurons form a ventral column in the basal plate onD-60528 Frankfurt am Main
either side of the floor plate, a group of nonneuronal cellsFederal Republic of Germany
lying at the ventral midline. Motor neuron differentiation
occurs in response to exposure to the amino terminal
fragment of Sonic hedgehog, which is secreted by theSummary
floor plate and the subjacent notochord (Roelink et al.,
1994; 1995; Tanabe et al., 1995). Despite their commonDuring development, growing motor axons are ex-
origin within the motor columns, motor neurons diversifycluded from the ventral midline of the neural tube by
into subpopulations later in development. This is re-diffusible chemorepellents emanating from this re-
flected by their subdivision into somatic motor (SM),gion.Molecular candidates for this chemorepellentac-
visceral motor (VM), and branchiomotor (BM) classes,tivity include semaphorin D and netrin-1; the latter is
based on the mediolateral and dorsoventral positionknown to repel trochlear motor axons. Qualitatively or
of their cell bodies, axonal trajectories, and eventualquantitatively different responses to these molecules
synaptic targets (Figure 1A). All three neuronal classesmight underlie the initial deflection from the midline
form components of the cranial motor nuclei within theand subsequent segregation of motor axon trajector-
hind- and midbrain, while the spinal cord contains SMies. To test this idea, we have cocultured cell aggre-
and VM but not BM neurons.gates secreting netrin-1 or semaphorin D at a distance
The initial steps in motor axon pathfinding involve thefrom tissue explants containing different motor neuron
projection of axons away from the midline to exit thesubpopulations, in collagen gels. Cranial motor axons
neuroepithelium. Axons may follow one of two path-that project dorsally in vivo such as those of the tri-
ways, either exiting the neuroepithelium ventrally, closegeminal, facial, and glossopharyngeal nuclei were re-
to the motor column, or growing for some distancepelled by both netrin-1 and semaphorin D. By contrast,
through the neuroepithelium to exit via dorsal exitventrally projecting spinal motor axons and abducens
points. Within the spinal cord, all motor axons (SM andaxons were not affected by netrin-1. Spinal and abdu-
VM) course ventrally out of the neural tube to form thecens motor neurons also responded to semaphorin D.
ventral roots. In the hindbrain, only SM axons grow ven-The ventrally projecting axons of oculomotor neurons
trally, exiting the neuroepithelium insmall groups (Figurewere not repelled by netrin-1 or semaphorin D. Differ-
1C), while VM and BM axons project dorsally via exitential responsiveness to netrin-1 and semaphorin D
points that lie at the midpoint of the alar plate (Figurecould thus contribute to the generation of dorsal and
1C; Lumsden and Keynes, 1989). Exceptions to this ruleventral motor axon pathways during development.
are provided by the behavior of a small contingent of
oculomotor (VM) axons, which grow out ventrally, and
Introduction
by trochlear (SM) axons, which extend to the dorsal
midline toexit the neuroepithelium (Colamarino and Tes-
Growing axons navigate to their targets in the devel- sier-Lavigne, 1995).
oping nervous system by responding to guidance cues A possible influence in excluding axons from the mid-
in their environment (Tessier-Lavigne and Goodman, line may be the floor plate. Floor plate tissue is known
1996). These cues are thought to impinge on axonal to furnish chemoattractant cues that orient the axons
surface receptors and to be transduced into signals that of dorsal commissural neurons within the spinal cord
steer growth cones toward the regions where they will (Tessier-Lavigne et al., 1988; Placzek et al., 1990) and
synapse. Recent advances in our understanding of this of dorsal hindbrain and cerebellar axons (Shirasaki et
problem have stemmed from the isolation of a number al., 1995; Tamada et al., 1995). Evidence that the floor
of molecules implicated in axon pathfinding, which may plate might provide chemorepellent cues for motor ax-
function as axonal receptors or as guidance cues (Tes- ons was provided by in vivo transplantation into chick
sier-Lavigne, 1995; Dodd and Schuchardt, 1995; Fried- hindbrains of floor plate fragments, which resulted in
man and O’Leary, 1996; reviewed by Tessier-Lavigne the deflection of motor axons around the grafted tissue
and Goodman, 1996). Interest has centered particularly (Guthrie and Pini, 1995). Moreover, coculture experi-
on diffusible guidance mechanisms, which may beeither ments in collagen gels showed that axons of cranial or
spinal motor neurons and of ventral and dorsal midbrain
neurons were repelled at a distance from a floor plate‡These authors contributed equally to this work.
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Figure 1. Motor Neuron Trajectories in the Rat
(A) Schematic diagram of rat E12 brainstem and spinal cord shows motor nuclei exhibiting ventral axon trajectories (left) or dorsal axon
trajectories (right). Ventrally projecting axons (red) exit the neuroepithelium close to the floor plate, projecting out of the plane of the paper.
Dorsally projecting axons (blue) exit the neuroepithelium via large dorsal exit points. III–oculomotor, IV–trochlear, V–trigeminal, VI–abducens,
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explant (Guthrie and Pini, 1995; Tamada et al., 1995). A trigeminal nucleus (V–BM) occupies rhombomere 2 (r2)
and r3 with a few neurons in r1; the facial motor nucleusmolecular candidate to mediate this effect is netrin-1,
a protein purified from embryonic chick brain that is (VII–BM, VM) occupies r4 and r5; the glossopharyngeal
nucleus (IX–BM, VM) occupies r6; and the vagus (X–BM,expressed by the floor plate (Serafini et al., 1994). Net-
rin-1 can mimic the effect of the floor plate in attracting VM) and accessory nuclei (XI–BM) occupy r7 and r8.
The abducens nucleus (VI–SM) occupies r5, while thegrowing commissural axons (Kennedy et al., 1994) but
can also repel the axons of dorsally projecting trochlear trochlear (IV–SM) and the hypoglossal (XII–SM) nuclei
occupy r1 and r8, respectively. Particular motor neuronmotor neurons (Colamarino and Tessier-Lavigne, 1995).
Another candidate chemorepellent is collapsin 1 (Luo subpopulations can thus be isolated by dissection of
rhombomeres or distinguished by selectively labelinget al., 1993), a protein originally isolated from embryonic
chick brain based on its ability to cause growth cone axons from their ventral or dorsal exit points (Figures
1A and 1C).collapse (Kapfhammer and Raper, 1987). The sequence
of collapsin 1 was found tobe similar to that of semapho- To test the chemorepellent effects of netrin-1 and sem
D, we have taken advantage of stable cell lines secretingrin 1 (G sema 1, formerly named fasciclin IV), a trans-
membrane protein identified in the grasshopper as hav- netrin-1 (Shirasaki et al., 1996) and sem D (the present
study). Tissue explants were cocultured with clusters ofinga role in axon guidance (Kolodkin et al., 1992). Human
and murine homologs of collapsin 1, named semaphorin cells secreting netrin-1 or sem D, in order to assess
the extent of their chemorepellent influence on differentIII/semaphorin D, were subsequently isolated (Kolodkin
et al., 1993; Messersmith et al., 1995; Pu¨schel et al., motor neuron subpopulations. In particular, we tested
the possibility that netrin 1 and/or sem D might affect the1995). The murine semaphorin III/semaphorin D will
hereafter be referred to as sem D. The collapsins– trajectories of motor axon subpopulations differentially,
perhaps accounting in some part for the axon trajector-semaphorins are now known to be an extended family
of secreted and transmembrane molecules with putative ies that are generated in vivo.
roles in axon guidance (Kolodkin et al., 1993; Pu¨schel,
1996). Seven related semaphorins have been identified Results
in the mouse and five related collapsins in the chick
(Luo et al., 1995; Pu¨schel et al., 1995; Adams et al., 1996). Analysis of Sem D Expression in the Hindbrain
Since analyses of collapsin 1–sem D expression haveAddition of recombinant collapsin1 tochick sensory and
motor neurons causes growth cone collapse (Luo et al., focused mainly on the spinal region (Messersmith et al.,
1995; Pu¨schel et al., 1995; Adams et al., 1996; Shepherd1993; Shepherd et al., 1996), and sem D has been found
to repel sympathetic and some classes of sensory axons et al., 1996), we examined patterns of sem D expression
in the cranial neural tube of rodent embryos using inwhen presented as a focal source in a collagen gel
(Messersmith et al., 1995; Pu¨schel et al., 1995). Although situ hybridization. In E11.5 mouse embryos, sem D was
expressed in a stripe on either side of the floor plate inthe precise localization pattern at all embryonic stages
has yet to be characterized, a possible role for sem D the hindbrain, localized within a region that approxi-
mately corresponds to r4–r6 (Figure 2A). Expression wasas a chemorepellent for motor axons is indicated by its
expression within the ventral spinal cord of embryonic also observed in a broader stripe in the basal plate of
the rhombomeres caudal to r6 (Figure 2A). As previouslymice and rats (Messersmith et al., 1995; Pu¨schel et al.,
1995; Adams et al., 1996). observed for the spinal cord, sem D expression in the
hindbrain excluded the floor plate (Figures 2B and 2C).We have cocultured explants of embryonic rat neural
tube with cells secreting candidate chemorepellent mol-
ecules in three-dimensional collagen gel matrices (Lum- Analysis of Outgrowth of Different Motor
Neuron Populationssden and Davies, 1983; Guthrie and Lumsden, 1994).
Motor neuron subpopulations were isolated by dissec- Explants of E12 rat neural tube were cocultured at a
distance from aggregates of HEK 293 cells stably ex-tion of regions of the neural tube (Figures 1A and 1B).
The oculomotor nucleus (III–SM, VM) is located in the pressing netrin-1 (Shirasaki et al., 1996) or sem D (see
Experimental Procedures). Explants were also culturedventral midbrain, while in the hindbrain the motor nuclei
occupy segmental units, the rhombomeres (Lumsden alone or cocultured with untransfected HEK 293 cells.
Axon outgrowth was assessed after 36–40 hr, using aand Keynes, 1989). Individual motor nuclei lie at axial
levels corresponding to single rhombomeres or pairs of semiquantitative 0–5 index of axon outgrowth from each
explant quadrant, that reflected the numbers and therhombomeres in the chick (Lumsden and Keynes, 1989),
the mouse (Marshall et al., 1992), and the rat embryo length of axons. A mean index of outgrowth was then
calculated for each quadrant of each explant type under(Gilland and Baker, 1993) (Figure 1A). In the rat, the
VII–facial, IX–glossopharyngeal, X/XI–vagus/cranial accessory, XII–hypoglossal. r2, r4, and r6: even-numbered rhombomeres; M, midbrain; H,
hindbrain; and FP, floor plate.
(B) Schematic diagram of rat E12 brainstem and spinal cord (based on [A]) shows tissue pieces dissected for use in collagen gel cocultures.
Color-coded areas represent those dissected at successively rostrocaudal levels containing particular nuclei (see key).
(C) Schematic diagram of tranverse section through rat E12 brainstem shows ventral (red) and dorsal (blue) motor axon pathways. The left
side shows the r2 level, with projection of trigeminal neurons toward their dorsal exit point and trigeminal ganglion (g), while the right side
shows the r5 level, with projection of abducens neurons (VI) ventrally from neuroepithelium and projection of facial neurons (VII) dorsally. The
exit point of these neurons lies in r4 and so is not visible in this section. ne, neural tube; n, notochord; and ov, otic vesicle.
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Figure 2. Sem D Expression in the Hindbrain
(A) In situ–hybridizedflat-mounted hindbrain froman E11.5 mouseembryo showssemD expression inthebasal plate inregions that approximately
correspond to r4–r6. An additional, broader-expression domain occupies the basal plate of rhombomeres caudal to r6. fp, floor plate.
(B) and (C) In situ–hybridized transverse sections through the hindbrain (r7–r8) of E12.5 mouse embryos show sem D expression in the ventral
neural tube that excludes the floor plate. The white dots indicate the contour of the neural tube.
each experimental condition (see Experimental Proce- contained in explants isolated from r2–r8 of the hind-
brain.dures). For r2–r8 and spinal cord explants, in which
control outgrowth was bilaterally symmetrical, a ratio of
the outgrowth from the explant quadrants facing toward
and away from cell aggregates was calculated for each Responses of SM Neurons to Chemorepellents
Oculomotor (SM) Axons Are Chemorepelled byexplant, and a mean of this value was derived for each
category, to provide an indication of the degree of asym- the Floor Plate But Not by Netrin-1 or Sem D
In unilateral oculomotor explants cultured alone, F84.1-metry and thus chemorepulsion. Following culture, gels
were immunostained using 2H3 monoclonal antibodies positive oculomotor axons formed a loose bundle origi-
nating from the caudal explant border (Figure 3A). Thus,to the 165 kDa neurofilament protein (Dodd et al., 1988)
or using F84.1 monoclonal antibodies that specifically oculomotor explants were cocultured with their caudal
ends facing floor plate explants or cell aggregates.Com-label motor neurons (Prince et al., 1992) for trochlear
(Colamarino and Tessier-Lavigne, 1995) and oculomotor parisons between the amount of axon outgrowth from
the caudal explant border of controls compared withexplants, since explants containing other cranial and
spinal motor neuron subpopulations showed only very that in cocultures with the floor plate failed to show a
significant decrease in axon outgrowth. Similarly, com-weak immunoreactivity using this antibody.
For the purposes of describingthe responses of motor parisons of outgrowth in the presence of untransfected
cell aggregates with that in proximity to cells secretingaxons to chemorepellents, the subpopulations tested
will be subdivided into SM or BM–VM categories. SM netrin-1 or sem D showed no significant differences
(Figure 5A). Since a large number of nonmotor axonssubpopulations comprised oculomotor, trochlear, and
spinal motor neurons. BM–VM subpopulations were extended from midbrain explants (Figure 3A), the same
Chemorepulsion of Motor Axon Subpopulations
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comparisons were made for F84.1-positive axons quan-
titated after gels had been stained. Oculomotor axon
repulsion by the floor plate has not been analyzed pre-
viously. In cocultures with the floor plate, oculomotor
axons either failed to extend or were directed away from
the floor plate (Figure 3B). By contrast, in cocultures of
oculomotor explants together with untransfected cells,
cells secreting netrin-1, or sem D, there was no alteration
in the pattern of F84.1-positive outgrowth compared
with controls. Oculomotor axons grew straight from the
caudal end of midbrain explants toward the cell clusters
and in some cases contacted them (Figures 3C–3E).
The mean index of F84.1-positive outgrowth from cau-
dal explant borders was 2.8 for controls and 1.3 in the
presence of floor plate tissue, reflecting a significant
reduction in motor axon outgrowth. Outgrowth of F84.1-
positive oculomotor axons in the presence of netrin-1 or
sem D-secreting cell clusters did not show a significant
reduction when compared with that in the presence of
untransfected cell clusters (Figure 5A). These results
suggest that while oculomotor axons are influenced by
a chemorepellent activity from the floor plate, they are
not responsive to netrin-1 or sem D.
A caveat to the interpretation of the results presented
here is that for oculomotor explants, there was a signifi-
cant increase in both total axon outgrowth and F84.1-
stained outgrowth in the presence of untransfected cells
compared with that in control explants. Therefore, we
have made statistical comparisons of outgrowth in the
presence of chemorepellents with that incocultures with
untransfected cells. The possibility remains, though,
that the increase in outgrowth elicited by untransfected
cells could mask a possible chemorepellent effect of
the molecules tested on oculomotor axons. This would
seem unlikely since, as described below, chemorepel-
lent effects of these molecules were evident for other
cranial motor nuclei, e.g., trochlear, even when out-
growth of these neurons was enhanced by the presence
Figure 3. Oculomotor Explant Cocultures
In all panels, oculomotor explant 36–40 hr cultures or cocultures
have been stained with F84.1 antibodies, which recognize motor
axons and the floor plate. Unstained axon outgrowth is more obvious
in (A) and (B) due to the optics used for photography. In all cases,
explants have been oriented with the rostral end of the explant to
the left and caudal end to the right. The floor plate is at the bottom
of each explant; immunostaining of the floor plate within the explant
is evident in (A), (B), (D), and (E). Floor plate explant orcell aggregates
have been placed to the right in all cocultures. Scale bar 5 250 mm.
(A) Control oculomotor explant (c). Immunostained oculomotor ax-
ons extend predominantly from the caudalend of the explant (arrow-
heads), and fascicles of unstained axons originate from this and
other explant borders. III, location of oculomotor cell bodies; fp,
floor plate.
(B) Oculomotorexplant cocultured with floor plate explant (fp). Many
unstained axons have grown from the explant, some facing toward
the floor plate. F84.1-stained oculomotor fascicles (arrowhead) are
reduced in numbers and fail to grow toward the floor plate or exit
the explant at more distant sites.
(C) Oculomotor explant cocultured with untransfected cells (u). Mo-
tor axons grow toward the cells.
(D) Oculomotor explant cocultured with netrin-secreting cells (n).
Immunostained oculomotor axons extend in a fan-shaped bundle
toward the cells.
(E) Oculomotor explant cocultured with sem D–secreting cells (s).
Immunostained oculomotor axons extend toward the cells as in (D).
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Figure 4. Trochlear Explant Cocultures
In all panels, trochlear explant 36–40 hr cultures or cocultures have been stained with F84.1 antibodies to reveal the floor plate and motor
axons. In all cases, explants have been oriented with the medial (ventral) floor plate side to the left and the lateral (dorsal) side to the right.
Cell aggregates have been placed to the right of trochlear explants in all cocultures. Scale bar 5 250 mm.
(A) Control trochlear explant (c). Immunostained trochlear axons form a bundle extending from the lateral explant border facing away from
the floor plate. Immunopositive trochlear cell bodies are also visible within the neuroepithelium.
(B) Trochlear explant cocultured with untransfected cells (u). Motor axons from a stained patch of neuroepithelium grow toward the cells.
(C) Trochlear explant cocultured with netrin-1-secreting cells (n). Motor axons issue from the explant and are deflected away from the cell
cluster (arrowheads). Note that the cell cluster (n) is on the right and out of the field of view.
(D) Trochlear explant cocultured with netrin-1-secreting cells (n). Despite staining of trochlear neurons within the neuroepithelium (asterisk),
no F84.1-positive axons extend toward the cell aggregate.
(E) Trochlear explant cocultured with sem D–secreting cells (s). Motor axons grow in a number of different trajectories; some extend in the
space between the explant and the cell aggregate, but others are deflected to emerge from the away-facing explant border.
of untransfected cells. If a chemorepellent influence of axons grew from these explants. When cocultured with
clusters of untransfected cells, F84.1-positive trochlearnetrin-1 and/or sem D exists, it must be quite modest
and is not detectable under our culture conditions and axons grew out in a similar pattern to controls, some-
times contacting the cell aggregate (Figure 4B). In prox-with the mode of quantitation used here.
Trochlear (SM) Axons Are Repelled imity to netrin-1-secreting cells, trochlear axon out-
growth was consistently different. Axons either failedby Netrin-1 and by Sem D
Trochlear axons have beenshown to berepelled in prox- to extend from regions containing immunopositive cell
bodies (Figure 4D) or appeared to deflect away from theimity to cells transiently or stably expressing netrin-1
(Colamarino and Tessier-Lavigne, 1995; Shirasaki et al., source of netrin-1 and fanned out (Figure 4C). In the
presence of sem D–secreting cells, trochlear axon out-1996). We have performed similar experiments using
the latter, stably transfected cells in order to compare growth was in some cases completely inhibited, while
in other cases, axons defasciculated and grew out introchlear axon responses to netrin-1 and to sem D. In
controls, the majority of trochlear outgrowth occurred many directions (Figure 4E). In the latter cases, a signifi-
cantly larger number of axons exited the explant on thein a fan-shaped F84.1-positive bundle originating from
the lateral (dorsal) side opposite the floor plate (Figure floor plate side facing away from the cell aggregate
(index 5 2.3) than in controls (0.6) or cocultures with4A). Immunopositive axon outgrowth closely resembled
the pattern of outgrowth observed under phase con- untransfected cells (1.0). Trochlear axon outgrowth as-
sessed using phase contrast was significantly reducedtrast, suggesting that few axons other than trochlear
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from an index of 2.9 in the presence of untransfected r4–r5 explants, facial (BM–VM) and abducens (SM) neu-
cells to 2.1 for netrin-1 and 1.7 for sem D cocultures rons were present, and within r7–r8 explants, there are
(Figure 5A). Thus, trochlear axons are repelled in vagus (BM–VM), cranial accessory (BM), and hypoglos-
the vicinity of netrin-1-secreting cells, consistent with sal (SM) neurons. Although assessments of total out-
the observations of others (Colamarino and Tessier- growth assumed neurons with dorsal projections to
Lavigne, 1995; Shirasaki et al., 1996) and show a similar comprise the majority of the population, separate label-
but more dramatic inhibition by sem D. ing of BM–VM and SM populations was also carried out
Spinal Motor (SM) Axons Are Repelled (see below).
by Sem D But Not by Netrin-1 Among control explants or those cocultured with un-
A pure SM population of spinal motor neurons was dis- transfected cells, axons grew predominantly and with
sected from cervical levels, though at other axial levels, equal density and length from both lateral borders (Fig-
VM spinal neurons are also present (Prasad and Holly- ures 7A and 7B). In the presence of netrin-1-secreting
day, 1991). When unilateral explants of ventral spinal cells, axons grew abundantly from the side facing away
neural tube were cultured alone, or together with un- from the cells, but fewer axons grew toward the aggre-
transfected cells, axon outgrowth was radial (Figures gate (Figures 7C and 7E). Comparison of the mean ratio
6A and 6B). For spinal cord and r2–r8 explants, we calcu- of outgrowth showed a significant reduction for r2–r3,
lated a ratio of outgrowth from the explant side facing r4–r5, r6, and r7–r8 axial levels in response to netrin-
toward cells compared with that facing away, providing 1-producing cells compared with untransfected cells
an index of asymmetry. Explants cocultured with cells (Figure 5B). For controls and cocultures with un-
secreting netrin-1 also grew radially and showed no
transfected cells, this ratio was close to 1, while for
significant change in the ratio of outgrowth compared
cocultures with netrin-1-secreting cells, the ratio was
with explants grown with untransfected cells (Figures
reduced to 0.4–0.7. The most pronounced effect was
6C and 5B). However, coculture with cells secreting sem
seen for facial motor neurons, which showed a ratio of
D resulted in the generation of strong asymmetry within
0.48, reflecting a 2-fold reduction in axon outgrowthcocultured explants so that few short axons emanated
adjacent to a source of netrin-1. Despite this effect,from the cell-facing side (Figures 6D and 6E). In addition,
however, there was no significant reduction in the totalthere was a significant reduction in total axon outgrowth
outgrowth summed from all four explant borders in thecompared with cocultures with untransfected cells for
presence of netrin-1 compared with outgrowth fromcocultures with bothnetrin-1- and sem D–secreting cells
control explants or explants cocultured with untrans-(see legend to Figure 5B). Thus, SM spinal motor neu-
fected cells (see legend to Figure 5B).rons responded to the chemorepellent effect of sem D
Hindbrain explants cultured adjacent to cells secret-but not of netrin-1, though there was a general inhibition
ing sem D showed a more dramatic asymmetry in axonof outgrowth by netrin-1.
outgrowth than in the presence of netrin-1-secreting
cells (Figures 7D and 7F). The ratio of outgrowth wasResponses of Hindbrain BM and VM
reduced significantly compared with cocultures with un-Neurons to Chemorepellents
transfected cells. As for cocultures with netrin-1-secret-Hindbrain BM and VM Axons Respond to Netrin-1
ing cells, this inhibition was observed for explants takenand Sem D
from all four axial levels, though the largest reductionHindbrain explants from various axial levels contain mo-
was seen with r7–r8 explants, for which the ratio oftor nuclei with different combinations of dorsally pro-
outgrowth was reduced to 0.20 (Figure 5B). Explantsjecting (BM, VM) and ventrally projecting (SM) neurons,
often grew few axons, and this was reflected in a strikingwhich extend predominantly from the lateral (dorsal)
reduction in the total axon outgrowth summed from alledges of hindbrain explants (Guthrie and Pini, 1995).
four explant borders compared with that in coculturesWhile r2–r3 and r6 explants contained BM trigeminal and
BM–VM glossopharyngeal neurons, respectively, within with untransfected cells (see legend to Figure 5B).
reduction in this ratio (P , 0.05 for r7–r8, P , 0.001 for r2–r3, and P , 0.0001 for r4–r5 and r6 axial levels). The same comparison for r2–r8
explants in the presence of sem D–secreting cells gave a significant reduction (P , 0.0001) for all axial levels. The ratio for spinal cord explants
grown in the presence of netrin-1 did not show a significant reduction compared with that in the presence of control cells but was significantly
reduced in the presence of sem D–secreting cells (P , 0.001). When the means of total axon outgrowth (by summing outgrowth from all
explant quadrants) were compared under different coculture conditions, a significant reduction occurred for r2–r3, r4–r5, r6, and r7–r8 axial
levels in the presence of sem D but not of netrin-1 compared with cocultures with untransfected cells (P , 0.05). Total spinal motor axon
outgrowth in the presence of netrin-1 was reduced significantly compared with cultures with untransfected cells (P , 0.5) and more significantly
in the presence of sem D cells (P , 0.0001).
(C) Dextran-labeled axon outgrowth from R2–R8 and R6 explants. Counts were made of numbers of motor axons labeled from dorsal exit
points in r2–r8 explants and of abducens motor axons labeled from ventral exit points in r4–r5 explants. Explants were cocultured either with
netrin-1-secreting cells or with sem D–secreting cells (labels as in [B]). Only those axons extending from explant quadrants facing toward and
away from the cells were counted (labels are as in [B]). X axis: shows toward- and away-facing sides of dorsally projecting neurons in r2–r8
explants (left lanes) and ventrally projecting neurons labeled in r5 in r4–r5 explants (right lanes). N numbers: R2–R8, N 5 25 and S 5 24; R5,
N 5 6 and N 5 6. Y axis: shows numbers of axons counted. Statistical comparisons were done as in (B). For r2–r8 explants with dorsal label,
comparison of numbers of axons projecting from hindbrain explant side 1 facing chemorepellent-secreting cells compared with the away-
facing side showed a significant reduction for both netrin-1 (P , 0.05) and sem D (P , 0.0001). For r4–r5 explants with ventral label, there
was a significant reduction in axon numbers extending from side 1 only in the presence of sem D (P , 0.05).
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Figure 5. Quantitation of Axon Outgrowth for
All Axial Levels and Coculture Conditions
(A) Axon outgrowth from trochlear and oculo-
motor explants. Axon outgrowth from all four
quadrants was assessed as described (see
Experimental Procedures). Side 1 was desig-
nated as the explant side from which the ma-
jority of outgrowth occurred in control ex-
plants and which was juxtaposed with cell
aggregates in cocultures. The data shown
here represent the mean of the outgrowth
from side 1 for each explant type and culture
condition. X axis: shows O (oculomotor) and
Tr (trochlear) explant cultures assessed for
total outgrowth under phase contrast, and O
(F84.1)–oculomotor cultures that were quan-
titated following immunostaining of gels us-
ing F84.1 monoclonal antibodies (see Experi-
mental Procedures) to indicate the motor
axon outgrowth. For each explant category,
there are four culture conditions: C, control
explant cultured alone; FP, coculture with
floor plate; U, coculture with untransfected
cells; N, coculture with netrin-1-secreting
cells; and S, coculture with sem D–secreting
cells. N numbers: oculomotor: C, n 5 19; FP,
n 5 24; U, n 5 12; N, n 5 16; and S, n 5 24.
Oculomotor F84.1–stained: C, n 5 9; FP, n 5
12; U, n 5 6; N 5 10; and S, n 5 7. Trochlear:
C, n 5 31; U, n 5 17; N, n 5 18; and S, n 5
15. Y axis: mean axon outgrowth index for
each explant category and culture condition.
Statistics were done using an unpaired Stu-
dent’s t test, comparing the outgrowth from
side 1 under different culture conditions.
Comparison of total outgrowth from side 1 of
oculomotor control explants with that from
explants cocultured with the floor plate failed
to show any significant reduction in axon out-
growth. Comparison of outgrowth with un-
transfected cells with that in the presence of
netrin-1 or sema D did not show a significant
difference either. Comparison of F84.1-posi-
tive outgrowth from side 1 of oculomotor ex-
plants with outgrowth in the presence of
transfected cells or floor plate explants
showed a significant reduction in outgrowth
(P , 0.01) only in the presence of the floor
plate. Trochlear explants showed signifi-
cantly reduced outgrowth in the presence of
netrin-1-secreting cells (P , 0.01) and in the
presence of sem D–secreting cells (P , 0.001)
when compared with untransfected cells.
(B) Ratios of axon outgrowth from R2–R8 and
spinal cord explants. Axon outgrowth was as-
sessed as in (A) but using phase contrast op-
tics throughout. The mean of the ratio from
toward- and away-facing explant sides for
each experimental category is shown here
(see Experimental Procedures). X axis: shows
hindbrain explants grouped into axial level
categories (R2–R3, R4–R5, R6, and R7–R8)
and spinal cord (SpC). Explant culture condi-
tions are as in (A). N numbers: R2–R3: C, n 5
14; U, n 5 18; N, n 5 29; and S, n 5 24. R4–R5:
C, n 5 14; U, n 5 19; N, n 5 45, and S, n 5
20. R6: C, n 5 12; U, n 5 18; N, n 5 37; and
S, n 5 20. R7–R8: C, n 5 10; U, n 5 16; N,
n 5 40; S, n 5 18. Spinal cord: C, n 5 19; U,
n 5 23; N, n 5 16; and S, n 5 33. Y axis: shows the mean ratio of axon outgrowth indices for each explant category and culture condition.
Statistics were done using a paired or unpaired Student’s t test. Comparisons were made of the mean ratio of outgrowth for r2–r8 explants
facing netrin-1-secreting cells compared with those cocultured with untransfected cells. For all four axial levels, there was a significant
(Figure 5 Legend Continued on Previous Page)
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Labeled BM–VM Axons Respond to Netrin-1 and
Sem D, While Labeled SM (abducens) Axons
Respond Only to Sem D
Motor neurons constitute around 50% of neurons that
differentiate within the basal plate regions of chick em-
bryos at equivalent stages to E12 in the rat (Clarke and
Lumsden, 1993). They are the only neurons that project
their axons mediolaterally in vivo in a pattern reflecting
in vitro observations (Guthrie and Pini, 1995; Tucker et
al., 1996). Nevertheless, to confirm unequivocally that
motor neurons are among the neurons responding to
the influence of secreted molecules in our culture sys-
tem, we retrogradely labeled motor neurons before cul-
ture. An advantage of this method is that it can be used
selectively to label motor neurons that project dorsally
or ventrally via their specific exit points (Lumsden and
Keynes, 1989). For all four axial levels, dorsally pro-
jecting axons were labeled; this identified motor neurons
of the trigeminal (r2–r3), facial (r4–r5), glossopharyngeal
(r6), and vagus–cranial accessory nerve (r7–r8). In some
r4–r5 or r7–r8 explants, we labeled ventrally projecting
axons of the abducens and the hypoglossal nucleus
respectively.
BM–VM Dorsally Projecting Neurons
Outgrowth of labeled dorsally projecting axons was in-
hibited by netrin-1 and by sem D (Figures 7G and 7H).
At all axial levels, axon outgrowth showed a significant
reduction, with a mean of 8.4 axons growing from ex-
plant borders facing netrin-secreting cells, and 13.4 ax-
ons facing away (Figures 7G and 5C). In the presence
of sem D–secreting cells, in 16 of 23 explants, no labeled
axon emerged from an explant border facing the sem
D–secreting cells (Figure 7H). Axons grew away from
the source of sem D, and equal numbers of fluorescently
labeled motor neuron somata were observed in explant
regions facing a source of sem D as in regions facing
away (Figure 7H), making it unlikely that sem D caused
widespread motor neuron death. The mean number
of axons growing from explant borders facing sem
D–secreting cells was 0.4, compared with 10.9 axons
extending away, reflecting a highly significant decrease
in axon outgrowth (P , 0.0001; Figure 5C).
SM Ventrally Projecting Neurons
In proximity to netrin-1-secreting cells, approximately
equal numbers of labeled abducens or hypoglossal ax-
ons grew from the toward-facing as from the away-
facing explant borders. In some cases, labeled axons
grew on to the netrin-secreting cells (data not shown).
However, in the presence of sem D–secreting cells, the
number of labeled abducens axons that grew toward cell
aggregates was significantly reduced compared with
Figure 6. Spinal Cord Cocultures
In all cases, ventral spinal cord cultures grown for 36–40 hr were
2H3 immunostained to show total axon outgrowth. In cocultures,
cell aggregates are to the right. Scale bar 5 250 mm.
(A) Spinal cord explant cultured alone shows radial outgrowth (c).
(B) Spinal cord explant cultured with untransfected cells shows
radial outgrowth (u).
(C) Spinal cord explant cultured with netrin-1-secreting cells shows
radial outgrowth (n).
(D) and (E) Spinal cord explants cultured with sem D–secreting cells
show reduced outgrowth in proximity to the cell aggregate (s).
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those growing from the opposite side (Figure 5C). It corner while cranial SM axons of the oculomotor, abdu-
cens, and hypoglossal nuclei exit close to the ventralshould be noted that only a small number of explants
were used to assess numbers of labeled abducens ax- midline. Both these trajectories can be classified as ven-
tral when compared with the pathway taken by cranialons, due to the paucity of neurons within this nucleus
that we were able to label at E12 and resulting variability BM and VM axons toward dorsal exit points. Exceptions
to these rules are provided by a small number of VMof labeling. A similar inhibition of the outgrowth of hypo-
glossal axons was observed in the presence of sem D neurons of the oculomotor nucleus, which project ven-
trally, and the SM neurons of the trochlear nucleus,but not netrin-1 (data not shown).
Taken together, these results show that netrin-1 and which project from their ventral somata to the dorsal
pole of the neural tube. Despite this complexity, it ap-sem D can repel the outgrowth of dorsally projecting
BM and VM hindbrain motor axons, while only sem D pears that dorsally projecting BM, VM, and trochlear SM
neurons arechemosensitive to netrin-1 and sem D, whileexerted this effect on the ventrally projecting SM abdu-
cens subpopulation. In addition, a more marked chem- ventrally projecting SM neurons respond only to sem D.
A stronger chemorepellent effect of sem D than oforepellent effect of sem D than of netrin-1 on BM–VM
axons was evident. netrin-1 on dorsally projecting axons was also observed.
This should be interpreted cautiously, however, since
more sem D might be secreted per unit mass of cells.Discussion
Indeed, whereas netrin-1 is largely bound to the cell
surface when heterologously expressed (Kennedy et al.,Subpopulations of motor axons were found to respond
differentially to the chemorepellent molecules netrin-1 1994), little sem D can be extracted from the cell surface
of transfected 293 cells, and the majority of the secretedand sem D. Dorsally and ventrally projecting neuronal
groups were chemorepelled by sem D. By contrast, only sem D protein is found in the conditioned medium
(A. W. P., unpublished data).dorsally projecting subpopulations were responsive to
netrin-1. Thus, dorsally projecting hindbrain neurons of
the trochlear trigeminal, facial, glossopharyngeal, va- Localization Patterns of Netrin-1 and Sem D
Suggest a Role in Motor Axongus, and cranial accessory nuclei responded to both
molecules. Ventrally projecting abducens and spinal Repulsion In Vivo
The localization pattern of netrin-1 is consistent with itsmotor neurons responded only to sem D. Oculomotor
neurons, which also project ventrally in vivo, responded playing a role as a chemorepellent for hindbrain motor
neuron subpopulations. Netrin-1 is expressed through-neither to netrin-1 nor to sem D.
out the longitudinal extent of the floor plate, including
the hindbrain, of early chick embryos from stage 11Motor Neuron Response to Chemorepellents
Is Correlated with Axonal Trajectory onward, before many motor neurons have differentiated,
and encompassing the period of their outgrowth up toWe propose that rather than conforming to the conven-
tional subdivisions, the chemosensitivity of motor axon stage 31 (Kennedy et al., 1994). The related molecule
netrin-2 is expressed at lower levels in the ventral neuralsubpopulations can be subdivided based on axonal tra-
jectory. Motor neurons are subdivided into BM, VM, and tube, excluding the floor plate, during a similar develop-
mental period (Kennedy et al., 1994). The vector of netrinSM classes based on columnar organization, axon tra-
jectories, and synaptictargets. However, axon trajectory action within the neuroepithelium might then be ex-
pected to propel dorsally projecting axons away fromdoes not consistently conform to this subdivision, since
neurons within a class may follow different pathways. the midline and toward their exit points.
Sema III/sem D has also been shown to be expressedSpinal SM axons leave the neural tube in its ventrolateral
Figure 7. Hindbrain r2–r8 Explant Cocultures
In all panels, bilateral hindbrain explant cultures taken from a variety of axial levels are depicted with the rostrocaudal axis of the hindbrain
running vertically. All explants were cultured for 36–40 hr. In panels (A)–(F), collagen gels have been stained with 2H3 antibodies to reveal
total axon outgrowth. Scale bar 5 400 mm in (A)–(D) and (F); 200 mm in (E).
(A) Trigeminal (R2–R3) explant cultured alone (c). The floor plate runs vertically down the middle of the explant, and axon outgrowth occurs
from both lateral (dorsal) explant borders.
(B) Glossopharyngeal (R6) explant cultured with untransfected cells (u). Symmetrical outgrowth occurs as in (A).
(C) Trigeminal (R2–R3) explant cultured with netrin-1-secreting cells (n). Fewer and shorter axons grow from the side facing the cell aggregate.
(D) Glossopharyngeal (r6) explant cultured with sem D–secreting cells (s). Fewer axons grow from the explant border facing the cells.
(E) Facial (R4–R5) explant cocultured with netrin-secreting cells (n): a reduction in outgrowth from the side facing the cell aggregate. Cells
are out of the field of view.
(F) Facial (R4–R5) explant cultured with sem D–secreting cells (s). Axon outgrowth is almost entirely absent from the explant border facing
the cell aggregate.
(G) and (H) Confocal micrographs of hindbrain explants in which motor axons have been retrogradely labeled prior to culture and photographed
at 36–40 hr. In both cases, cell aggregates in the cocultures are at the right of the frame but are not visible. Scale bar 5 200 mm.
(G) R2–R3 explant (trigeminal motor neurons labeled) cocultured with netrin-1-secreting cells (n) shows a reduction in labeled outgrowth from
the side facing cells.
(H) R2–R3 explant (trigeminal labeled) cocultured with sem D–secreting cells (s) shows complete absence of motor axons to emerge on the
side facing the cell aggregate. From this region, several axons deflect across the floor plate away from the cells (arrowhead). There is a
reduction in the number of motor neuron cell bodies that have migrated to the edge of the explant facing the cells compared with the control
side.
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in the ventral part of the rat and the mouse spinal cord, that motor neurons that express only Islet-1 are respon-
sive to netrin-1 and sem D. By contrast, motor neuronsexcluding the floor plate and including the motor column
that express Islet-2 and/or Lim-3 (oculomotor, abdu-(Messersmith et al., 1995; Pu¨schel et al., 1995; Adams
cens, hypoglossal, and spinal) are not responsive toet al., 1996). The earliest stage at which this localization
the chemorepellent effect of netrin-1. Trochlear neuronshas been reported is E14 in the rat and E10.5 in the
that express Islet-2 provide an exception to this, sincemouse, raising the question of whether sem D could
they exhibit sensitivity to netrin-1.function as a chemorepellent for motor neurons that
Combinatorial “codes” of transcription factors suchstart to differentiate earlier than this time. Similarly, in
as LIM genes are thought to underlie motor axon path-the chick embryo, the onset of collapsin-1 expression
finding behavior, presumably by controlling the expres-in the spinal cord is at stage 24 (Shepherd et al., 1996),
sion of receptors for axon guidance cues (Tsuchida etwhereas motor axons start exiting the cord at around
al., 1994). In C.elegans, putative receptors for the che-stage 17, some 1.5 days earlier. In relation to the repul-
moattractant and -repellent effects of the netrin homo-sion of hindbrain motor axons that we have demon-
log, unc-6, are thought to be encoded by the genes unc-strated, collapsin 1 is expressed at stage 24–28 in a
40 and unc-5, respectively (Hedgecock et al., 1990; Ishiicomplex series of longitudinal stripes that includes the
et al., 1992). A mammalian homolog of unc-40, DCC,motor column (Shepherd et al., 1996). Our preliminary
has been isolated (Fearon et al., 1990), and the proteinin situ hybridization data for sem D in the E11.5–12.5
it encodes is expressed on spinal motor axons and canmouse hindbrain show expression in the basal plate
bind netrin-1 (Keino-Masu et al., 1996). Moreover, two(Figure 2) consistent with a role in repelling r4–r8 hind-
unc-5 homologs have been isolated in vertebrates andbrain motor axons from the midline. Expression was
are expressed in a range of neural structures (Hinck et
absent from the ventral region of the midbrain–hindbrain
al., 1996, Soc. Neurosci. abstract). One of them,
boundary and from r1–r3, raising the possibility that
Unc5h-2, can bind netrin when expressed in transfected
other chemorepellent molecules are responsible for cells. A receptor for sem D has not been isolated. Based
chemorepulsion of the trochlear and trigeminal motor on our results, it might be anticipated that all motor
axons (see below). axons would express receptors for sem D, while only
those with dorsal projections would express receptors
for netrin-1. Another common feature of dorsally proj-Other Chemorepellents May Also Be
ecting neuronal groups might be the possession of aInvolved in Axon Repulsion
receptor for a dorsally imparted chemoattractant signalThree pieces of evidence may point to the existence of
that is distinct from netrin-1. An unidentified attractantadditional chemorepellent molecules in the developing
signal from the axially appropriate cranial nerve exitneural tube. First, oculomotor neurons were found to
point is thought to be involved in guiding dorsally proj-be repelled by the floor plate but to be refractory to the
ecting cranial motor neurons (Guthrie and Lumsden,influence of netrin-1 and sem D, implying that there is a
1992). Ventrally projecting axons might be refractory todistinct chemorepellent activity in the midbrain. Second,
the influence of such a molecule in the same mannerdorsally projecting posterior commissure axons of the
as they fail to respond to netrin-1. Our findings raisecaudal diencephalon are repelled by the floor plate but
the possibility that a relatively simple set of rules mightnot by netrin-1 (Shirasaki et al., 1996). Third, a lack of
govern the early pathfinding responses of different mo-sensitivity to netrin-1 of ventrally projecting neurons
tor axon subpopulations to diffusible guidance cues,
might reflect a requirement for the cooperation of other
allowing elucidation of the factors that govern elabora-
cofactors with netrin-1, such as netrin synergizing activ-
tion of their apparently complex axonal trajectories
ity (Serafini et al., 1994) or the extracellular proteoglycan in vivo.
decorin, which is also localized in the embryonic floor
plate and binds netrin (Litwack et al., 1996, Soc. Neu- Experimental Procedures
rosci. abstract).
In Situ Hybridization for Sem D
In situ hybridization on whole mounts and on sections was per-
Molecular Hierarchy of Motor Axon Pathfinding formed as published (Henrique et al., 1995; Pu¨schel et al., 1995;
For the embryonic chick hindbrain, patterns of expres- detailed protocol available on request), using a mouse sem D-spe-
cific probe BS-semaE9 (Pu¨schel et al., 1995). Embryos were devel-sion of the LIM homeobox genes have been described
oped for 2–7 hr, following which hindbrains were dissected out andand may be used to distinguish between these differen-
flat mounted for photography.
tially chemosensitive neuronal groups. Of three LIM
genes expressed by hindbrain motor neurons, dorsally Retrograde Labeling of Cranial Nerves before Culture
projecting BM and VM neurons express only Islet-1, E12 rat embryos were pinned ventral side up in Sylgard dishes, and
the ventral or dorsal cranial nerve roots (Figures 1A and 1C) werewhile ventrally projecting SM neurons of the oculomotor,
transected. Fluorescein dextran crystals (Molecular Probes, Oregon)trochlear, abducens, and hypoglossal nuclei express
were diluted in PBS and allowed to dry to a viscous consistency,
Islet-1 and Islet-2 (Varela-Echavarrı´a and Guthrie, 1996). before being applied to the cut nerves using fine forceps (Simon et
Islet-2 is also expressed by all ventrally projecting spinal al., 1994). Embryos were then incubated in Earle’s Balanced Salt
Solution (GIBCO) in a 95% O2, 5% CO2 atmosphere for 3 hr to allowmotor neurons, albeit transiently by the VM subdivision
retrograde transport of tracer, before dissection of tissues.(Tsuchida et al., 1994). Ventrally projecting neurons of
the hypoglossal and accessory abducens nuclei and
Dissection of Embryonic Tissue for Cocultures
the most medial subpopulation of spinal motor neurons Neural explants for collagen gel coculture were dissected from the
express Lim-3 (Tsuchida et al., 1994; Varela-Echavarrı´a brain and spinal cords of E12 rat embryos, using Dispase (Boeh-
ringer) and tungsten needles, as described previously (Guthrie andand Guthrie, 1996). These expression patterns indicate
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205
Pini, 1995). Floor plates were isolated from hindbrain and caudal a second observer for some experiments, in order to confirm the
validity of this method of quantitation.midbrain levels. Ventral explants contained the ventral third of the
neural tube and were either dissected bilaterally from the hindbrain A mean was calculated of the outgrowth from each side per exper-
imental condition, giving a mean index of outgrowth. For trochlear(two motor columns with floor plate between) or unilaterally from
the spinal cord (single motor column without floor plate) (see Figure and oculomotor explants, the outgrowth from side 1 (the explant
side from which most axon outgrowth occurred in controls) was1B). Oculomotor and trochlear explants were also unilateral but
included the floor plate (Figure 1B). Hindbrain ventral explants con- compared under various conditions. For r2–r8 and spinal cord ex-
plants, a ratio was calculated of the outgrowth from side 1 (cellsisted of either r2 and r3, r4 and r5, r6, or r7 and r8.
facing) over the outgrowth from side 3 (away facing) for each explant.
A mean of this ratio was then derived for each experimental cate-Preparation of Netrin-1 and Sem D-Secreting Cell Clusters
gory. This ratio approached 1 for controls and cocultures with un-Netrin-1-Secreting Cell Lines
transfected cells and was reduced significantly below 1 in cases ofHuman embryonic kidney 293 cells stably transfecting with and
chemorepulsion. The total outgrowth from all four quadrants wasexpressing netrin-1 were used as described by Shirasaki et al.
also summed for each explant, and the mean for each experimental(1996). For details of the procedure, refer to this paper.
category was compared to give an indication of whether secretedSem D-Secreting Cell Lines
chemorepellents reduced overall growth as well as generatingHuman embryonic kidney 293 cells (ATCC CRL 1573) grown in 90
asymmetry. Culture of explants with untransfected cell aggregatesmm dishes were transfected with 12 mg of a sem D expression
produced either a slight increase (oculomotor and trochlear) or aplasmid (pBKCMVsemDSeap; Flanagan and Leder, 1990; Adams et
decrease (r2–r8 and spinal cord) in total axon outgrowth, but signifi-al., unpublished data) by calcium phosphate coprecipitation (Sam-
cant asymmetry was not produced.brook et al., 1989). Cell lines expressing recombinant protein were
Some gels were fixed for immunostaining, while others in whichselected in 1 mg/ml G418 (GIBCO), and expression levels of the
explants had been prelabeled with fluorescein dextran weresem DSeap fusion protein were determined using the PhospaLight
mounted on slides in medium and observed using blue epifluores-chemiluminescence assay (Tropix). One cell line (D3.5) showing the
cence or imaged using a laser-scanning confocal microscope.highest level of expression was chosen from 24 isolated clones for
Counts of fluorescently labeled axons were made from explantfurther experiments. The production of sem D protein by D3.5 cells
quadrants facing toward and away from cell aggregates only. Ex-was verified by Western blot analysis (Adams et al., unpublished
plants were used for quantitation only if the fluorescent labeling ofdata), and their repulsive effects on sensory neurites were confirmed
neuronal somata was equal on both sides of the explant, in order toin a coculture assay (Pu¨schel et al., 1995).
ensure against presuming chemorepulsion simply dueto insufficientCell Aggregates
axonal labeling.To make the cell aggregates, cells were trypsinized, washed in
DMEM (GIBCO) containing 10% fetal bovine serum (Sigma), and
Immunohistochemistry of Collagen Gelsresuspended in the same medium at a density of 3 3 107 cells/ml.
Explants within whole gels were whole-mount-immunostained asDrops (15 ml) were dispensed onto the inside of lids of 60 mm petri
described (Guthrie and Lumsden, 1992) using monoclonal antibod-dishes, which were then inverted over dishes containing 3 ml of
ies 2H3 (Developmental Studies Hybridoma Bank) and F84.1 (thePBS. The dishes were incubated for approximately 20 hr before
kind gift of Dr. W. Stallcup). This antibody recognizes a cell surfaceharvesting the cell clusters for use in the collagen gel cocultures.
glycoprotein antigen (Prince et al., 1992) present on oculomotor andAggregates were cut into pieces using tungsten needles and trans-
trochlear neurons at the stages studied here. Gels were mountedferred into coculture dishes in the same way as for tissue explants.
under propped coverslips in 90% glycerol–10% PBS and photo-
graphed using Nomarski optics.Collagen Gels
Rat tail collagen solution was prepared and made into gels as de-
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